Wild poliovirus type 3 isolates collected during the Finnish outbreak (1984 to 1985) in different geographical locations were compared by partial RNA sequencing. The entire 5' non-coding end and a discontinuous part of the capsid coding region were sequenced from 15 isolates. Combining the present sequence data with previously published data and analysing these by the maximum parsimony method showed that the epidemic strains had diverged in cocirculating lineages. Genetic comparison of strains isolated from a single person often revealed a branched structure in the phylogenetic tree indicating high potential for diversification. The extent of variation generated under immunological pressure during an infection lasting for weeks in one person was high as compared with the observed geographical variation.
Introduction
Polioviruses like all RNA viruses have high mutation frequencies coupled with high rates of replication. Some of the variants generated may be enriched because of host immune surveillance and other selective pressures. Recombination is known to occur in members of the Picornaviridae family and this increases the genetic diversity. Accordingly, genetic variation has been demonstrated among polioviruses during epidemics (Nottay et al., 1981 ; Huovilainen et al., 1988) and even during the excretion period in one individual Huovilainen et al., 1987; Kinnunen et al., 1990 ).
An outbreak of poliomyelitis involving 10 clinical cases and an estimated number of at least 100000 asymptomatic infections occurred in Finland in 1984 to 1985 . The poliovirus type 3 strains isolated during the epidemic differ from the vaccine strains (Magrath et al., 1986; Hovi et al., 1986; Hughes et al., 1986; Kinnunen & Hovi, 1989) and were recently shown to be genetically related to strains which circulated in the Mediterranean countries in the late 1970s (P6yry el al., 1990) .
To study the short-term evolution patterns of poliovirus, we first determined partial RNA sequences for 15 type 3 strains collected during the outbreak in different locations in Finland. The results were combined with epidemiological data and previously obtained sequence information on other strains and were used to study relationships between the different strains. The study was based on sequences of the 5' non-coding region (5' NCR) and a discontinuous region of the capsid encoding region of genomic RNA. This also made it possible to compare the evolution rates of two functionally different parts of the genome.
Methods
Viruses. The virus strains studied were obtained from faecal specimens of seven patients and eight healthy excretors within a 2 month period during the outbreak (Table 1) . The geographical distribution of the sites of specimen collection is shown in Fig. 1 . This collection comprises strains from all patients in the outbreak from whom poliovirus was isolated. If strains were available from several specimens of a person we chose a strain from the first specimen to be included in this collection. The eight healthy excretor strains were isolated as homogeneous populations directly from faecal extracts using the endpoint dilution method in microwell cultures of Vero cells (Huovilainen et al., 1988) , and the standard method by inoculation into tubes of continuous monkey kidney cell lines (Vero, GMK, LLC-MK2) or primary human amnion cells was used in the isolation of the rest of the strains. The latter isolates were used for RNA extraction at the third passage level.
Purification ofvirion RNA. Virus strains were grown in HEp-2 cells and purified essentially as described (Ukkonen et al., 1986) . Purified virus was diluted in 0-15 M-sodium acetate and 0.1% SDS, and extracted sequentially with phenol/chloroform/isoamyl alcohol (25:24:1), phenol and chloroform. The RNA was then ethanolprecipitated and dried.
RNA sequencing. The viral RNA was sequenced by the dideoxynucleotide chain termination method, as described (Huovilainen et al., 1988) . The six oligonucleotide primers for the 5' NCR, synthesized using the solid phase phosphoramidite method on an Applied Biosystems 381A DNA synthesizer, were targeted to the follow- Nucleotide positions are numbered according to Hughes et aL (1986) .
Computer analysis. To study genetic relationships, the RNA sequences were aligned in all pairwise combinations and the respective number of identical nucleotides was calculated. A dendrogram was then constructed using the agglomerative procedure by the CLUSTAL program (Higgins & Sharp, 1988) . Phylogenetic analysis of sequence data was performed with version 3.3 of the PHYLIP (Phylogeny Inference Package) software package (Joseph Felsenstein 1990, University of California, Berkeley, Ca., U.S.A.) using the DNAPARS and CONSENSE programs. DNA-PARS uses the parsimony method to construct phylogenetic trees and CONSENSE computes consensus trees by the majority-rule consensus tree method.
Results and Discussion

Sequence of the 5' NCR and regions coding for the known antigenic sites
The 5' NCRs of the genomic RNA of 15 type 3 poliovirus strains collected during the outbreak in Finland in 1984 were sequenced. The length of the region was 746 nucleotides in all cases. Each strain differed from the rest of the strains by at least one nucleotide (Table 2 ) and the greatest difference between two strains was 12 nucleotides (1.65 %). The overall frequency of variable sites was 4.3 %. An arbitrary consensus sequence showing the most common base for each nucleotide position was constructed. It differed at five positions from the previously published sequence of a representative strain from the outbreak (Hughes et al., 1986;  Table 2 ). Individual strains differed from the consensus sequence by one to seven nucleotides (0-14 to 1.0%).
Regions coding for the known antigenic sites, 637 nucleotides altogether, comprised nucleotides 1413 to 1541, 1912 to 2029, 2679 to 2791, 3067 to 3195 and 3233 to 3384 (numbering according to Hughes et al., 1986) . The epidemic strains differed from an arbitrary consensus sequence by l to 12 nucleotides (0.16% to 1.9%). If only the silent mutations (not leading to an amino acid replacement) were taken into account the difference was between zero and six nucleotides (0% to 0.94%). The greatest overall difference between two strains was 16 nucleotides (2.5%) with the greatest silent mutation difference being 11 nucleotides (1-7%). The overall frequency of variable positions at the regions coding for the known antigenic sites was 6.8%, which is significantly higher (P < 0.05, Z z test) than that at the 5' noncoding end (4.3%). However, the latter frequency was very close to that of the silent mutations in the coding region (4.1%). Silent mutation rates are known to be approximately similar for all genes even when the amino acid-altering substitution rates are different (Kimura, 1981; Hayashida et al., 1985) . 
Consensus sequence among the strains studied. :~ Finland/23127/84 strain according to Hughes et al. (1986) .
Variation pattern of the two different genomic regions
The two regions chosen for sequence comparison, the 5' NCR and parts of the structural genes, are functionally very dissimilar, and quite diverse selection forces can be envisaged to restrict variation. In the coding region, variation is limited because of the requirement for a functional polypeptide structure, while in the 5' NCR the need to maintain the secondary structure of the RNA is an important factor limiting sequence variation. Our results are in agreement with these principles. The frequency of mutable sites in the RNA regions coding for the known antigenic sites was found to be significantly higher than that at the 5' non-coding end. Antigenic sites are targets for immunological surveillance and are known to belong to the most variable parts of the coding region. The nucleotide positions, types of base substitution, and the strains where the changes occur in the 5' NCR are listed in Table 2 (Fig. 2) . The intraepidemic variation in this region was ~<1.65~o; the nearest relatives from abroad differed from the consensus sequence of the epidemic strains by about 5"5~o and from the Sabin 3 strain by 17.4~. Note that of the epidemic strains, only one for each poliovirus-excreting person was included in this comparison.
Nucleotide sequences in regions of RNA coding for the known antigenic sites of the present epidemic strains and those of previously sequenced P3/Finland/84 strains (Kinnunen et al., 1990) were compared using the CLUSTAL program, and a dendrogram based on the number of nucleotide differences between these strains (36) was constructed (Fig. 3) . A similar comparison was also made using only silent nucleotide substitutions (Fig.  4) and some discrepancy between these dendrograms was detected. In the dendrogram based on silent nucleotide substitutions (Fig. 4) , strain OI is situated in an 'epidemiologically more correct place' near strains SJ 2 and SJ 1A1C, and strains SK 31 and SK 32 are situated closer to their assumed related strains than in the dendrogram which takes into account all observed substitutions (Fig. 3 ).
It appears that the rate of silent substitutions more accurately reflects the genetic relationships between RNA virus strains. The mutations leading to amino acid replacement are thought to be caused mainly by immune selection in one individual and thus could easily confuse the situation. The greatest difference between the dendrograms based on sequences of the capsid protein coding regions and the one based on the sequence of the 5' NCR (Fig. 2) is the location of strain PA in a cluster with strains SJ 1 and OI in the latter dendrogram. This phenomenon was not a result of the different number of epidemic strains in the comparisons, but was due to the different genomic regions compared. Strain PA could be an example of interstrain recombination.
The phylogenetic relationships of the 36 strains were studied using the DNAPARS program and are shown as an unrooted tree (Fig. 5) . Strains derived from one person often form one branch in the phylogenetic tree, i.e. PM, RK, SJ, ME and AK, Strains SK 31 and SK 32 seem phylogenetically to be most closely related to the first specimen of AH (strains AH 4 and AH 5). It can be assumed that AH, a playmate of SK and her brother AK, transmitted the virus to SK during the early stages of infection. The closest relative of strain SA also seems to be the strain LK 25 which was isolated from the first specimen of LK. It is evident that the phylogenetic tree obtained with the DNAPARS program reflects the true genetic relationships better than the dendrogram obtained by the CLUSTAL program which is based solely on percentage differences. However, the correlation between geographical location of isolation and position in the phylogenetic tree was not obvious for all of the strains. Strains AK, SK, LK, ME, PM, RK and AH were all isolated in Vantaa and a contact network could be envisaged between the persons in question. Indeed, strains AK, SK, LK and AH are phylogenetically connected and strain SA, which was isolated from a neighbouring city, also belongs to the same group. On the other hand, strains RK, PM and ME which were also isolated in Vantaa are not closely related to the other strains from the same area. Strains SJ and OI, which are epidemiologically linked, are also genetically closely related to each other.
The nucleotide sequence of isolates that were not plaque-purified (OI, PA, KY, RA, KE, SA and RU) is a consensus sequence for the virus population obtained from a given person at a given time; hence it seems natural that these isolates are located near the stem in the phylogenetic tree. Another possibility is that since these The phylogenetic tree is based on the 637 nucleotides in a discontinuous region coding for the known major antigenic sites. Note that the distance between diversifications is not necessarily in correlation with the absolute number of corresponding nucleotide differences.
specimens were collected relatively early in infection most of the diversification had not yet taken place. Plaque-purified strains from sequential isolates from one person obtained over a period of several weeks often form a large branched structure (Fig. 5) . Relationships between the strains were also assessed without a computer by recording individual base substitutions from an arbitrary consensus sequence and grouping together the strains which shared a given alteration from the consensus sequence. By allowing a couple of back mutations and a few convergent parallel mutations, such as the trypsin sensitivity-driven substitution of lysine for valine at amino acid 98 of VP 1 , a tree highly similar to that in Fig. 5 was formed (not shown).
General remarks
The maximum silent nucleotide difference between the present strains isolated from different people in different geographical locations in Finland was 1.7~ in the sequenced capsid coding regions. We have previously reported that plaque-purified strains from sequential specimens collected from different people in one city had maximal silent nucleotide substitution rates of 0"8~o within and 2-2~ between individuals . If it is assumed that the number of replication cycles in vivo determines the degree of variation, it seems L. Kinnunen, T. P6yry and T. Hovi that the outbreak had arisen quite recently and expanded quickly, as no more variation was found between geographically distinct isolates than between those collected in one city. Much larger differences are seen between epidemiologically unrelated strains collected in a given year (Rico-Hesse et al., 1987; P6yry et al., 1990) .
In spite of including all the patient strains isolated in Finland, our specimen collection was geographically biased with relatively few strains isolated outside Vantaa. However, the diversification pattern of poliovirus type 3 during the outbreak was found to resemble the global patterns of genomic variation seen in poliovirus type 1 (Rico-Hesse et al., 1987) . Cocirculation of virus variants derived from multiple evolutionary pathways is known to be a common evolutionary pattern in several other RNA viruses, for example foot-andmouth disease virus (Sobrino et al., 1986 ), influenza B virus (Yamashita et al., 1988 ) and influenza C virus (Buonagurio et al., 1986) .
When the present data were combined with those from plaque-purified strains from sequential specimens , an evolutionary tree could be constructed showing diversification of the strains in an individual host as discussed above. The evolutionary relationships suggest that the spread of the outbreak in the host population took place before most of the observed variation was generated. There are two ways of explaining this situation. Either most of the variants generated in a human host during several weeks of infection are less able than the original strain to transmit the infection to new hosts, or the rate of virus transmission in the host population is so rapid that the original strain will reach most susceptible hosts before they are exposed to the variants.
In conclusion, we have shown that by combining partial genomic RNA sequencing and presently available computer programs it is possible to construct evolutionary trees for closely related strains which are useful in epidemiological analysis. Use of two separate genome regions may reveal possible recombination events which otherwise could confuse the analysis.
